ABSTRACT Full-duplex wireless communication has been recognized as an effective technique to improve the system throughput. This paper designs a CSMA-based utility-optimal scheduling scheme to fully explore the performance improvement brought by AP's full-duplex capability. In particular, to keep the backwards compatibility of the legacy users, we allow users to compete to access the channel using the CSMA protocol in their uplink transmissions while let the AP select its downlink user to communicate with for completing the full-duplex transmission upon each uplink access. Moreover, to achieve the optimal system utility, we then formulate an optimization problem of maximizing the downlink aggregate utility subject to the uplink users' data rate constraints. The formulated problem falls into a mixed integer nonlinear programming form, which is generally NP-hard to solve. To make the problem tractable, we divide it into user pairing and access-intensity adjustment subproblems. More specifically, we devise a user pairing criterion based on the signal-to-interference-plus-noise ratio to reduce the uplink-downlink interference, and adopt the Hungarian algorithm to find the best matching between uplink and downlink users. After that, we adjust the access-intensity of users (i.e., the ratio of the mean packet transmission time to the mean backoff time) to maximize the downlink aggregate utility based on the geometric programming. Simulation results are presented to evaluate the performance of our scheduling design and demonstrate the downlink aggregate utility improvement compared to other scheduling schemes in full-duplex WLANs.
I. INTRODUCTION
During recent years, due to the ever-increasing popularity of the high-data-rate applications (e.g. video conference, virtual reality, and online games), demands for wireless communications have tremendously escalated. To meet such demands, the full-duplex wireless communication technology has been developed to boost network throughput and attracting increasing interests from the research community [1] - [5] . In particular, in a single-cell WLAN in which the access point (AP) has the full-duplex capability while all users are half-duplex, the system performance could be largely improved since the AP can transmit and receive data at the same time through good self-interference cancellation technique [6] .
However, even the AP has perfect full-duplex capability, the uplink and the downlink simultaneous transmissions could still bring severe uplink-downlink interference (UDI).
Without effective scheduling designs, the system performance may be deteriorated rather than improved due to the incurred UDI. Therefore, it is crucial to design effective full-duplex scheduling schemes to fully explore the benefits brought by AP's full-duplex capability and promote system performance in WLANs. 1 mentioned above did not investigate the scheduling in terms of an analytical framework, which is indeed important to fully leverage the full-duplex capability of the AP and improve system performance.
In this paper, we design a CSMA-based utility-optimal scheduling to fully explore the performance improvement brought by the full-duplex AP in a single-cell WLAN. In particular, we propose a CSMA-based scheduling and formulate an optimization problem of maximizing the downlink aggregate utility subject to the uplink users' data rate constraints. To make the problem tractable, we divide it into user pairing and access-intensity adjustment subproblems. First, we devise a user-pairing criterion based on the SINR to reduce the UDI. Based on the geometric programming, we then control the access-intensity of users (i.e., the ratio of the mean packet transmission time to the mean backoff time) to maximize the downlink aggregate utility. Simulation results are presented to validate the performance of the proposed scheme.
The main contributions of this paper are:
• We design a CSMA-based utility-optimal scheduling scheme to fully explore the performance improvement brought by the full-duplex AP. In the scheduling, upon each uplink access, we let the AP select an downlink user based on the optimal user pairing to complete the fullduplex communication.
• Under our scheduling scheme, we formulate an optimization problem of maximizing the downlink aggregate utility subject to the data rate constraints of the uplink users. The formulated problem is a MINLP and thus hard to solve. To make the problem tractable, we divide it into user pairing and access-intensity adjustment subproblems.
• For the user pairing subproblem, we design a signalto-interference-plus-noise ratio (SINR)-based user pairing scheme in order to mitigate UDI. In particular, we adopt the Hungarian algorithm to obtain the optimal matching between the downlink users and the uplink users.
• For access-intensity adjustment subproblem, which is still non-convex, we convert it into Geometric Programming (GP) form and use the standard CVX to solve it. The rest of this paper is organized as follows. Section II summarizes the related work and Section III introduces the CSMA-based scheduling scheme and the optimization formulation. We then solve the optimization problem by designing user pairing method and access-intensity adjustment algorithm in Section IV. Section V evaluates the performance of the proposed scheme by simulations and finally Section VI concludes the paper.
II. RELATED WORK
This section presents the related work on both full-duplex WLANs and the optimal scheduling of the legacy wireless CSMA protocol.
A. FULL-DUPLEX MAC DESIGN
In the literature, some Media Access Control (MAC) protocols in the WLAN with a full-duplex AP have been proposed to reduce UDI [7] - [9] . Specifically, Sahai et al. [7] proposed a pairing method of picking users that are completely hidden from each other to perform the full-duplex transmission. Kim et al. [8] employed a method that optimizes the fullduplex user pairing by explicitly considering both UDI and the traffic demands of all users. Kim et al. [9] developed an analytical model of a full-duplex MAC protocol for voice over WLANs, and analyzed its capacity. However, it is important to note that references [7] - [9] considered the scenario in which all the nodes are equipped with full-duplex radios. As pointed out in [6] , it is non-trivial to investigate the WLAN with a full-duplex AP and half-duplex users for the next-generation Wi-Fi networks, since replacing all legacy devices of users by full-duplex ones is neither economical nor acceptable in practice.
B. MAC DESIGN FOR THE FULL-DUPLEX AND HALF-DUPLEX COEXISTENCE
On the one hand, some full-duplex scheduling schemes have been proposed to reduce the UDI under the consideration of the co-existence of a full-duplex AP and halfduplex users [6] , [15] - [18] . Specifically, Tang and Wang [6] adopted a user-pairing that relies on the capture effect to select the uplink and downlink users. Choi et al. [15] proposed a random-access MAC protocol using distributed power control to manage inter-client interference. Hsu et al. [16] presented a design and implementation of IC2 (Inter-Client Interference Cancellation), a first physical layer solution that exploits the AP's full-duplex capability to actively cancel the interference at the downlink client. Yang et al. [17] developed a distributed pairing algorithm to select slow-rate links for the full-duplex communication to increase the network throughput. Probabilistic-based pairing scheme was designed to reduce UDI in [18] . However, we note that in practical WLANs, the amount of downloaded data by the user is usually much larger than the amount of uploaded data [19] . Different from [6] and [15] - [18] , in this paper, we not only propose an effective user-pairing to mitigate the UDI with the co-existence of a full-duplex AP and half-duplex users, but also design a scheduling scheme to maximize the downlink aggregate utility while meeting the data rate requirements of the uplink users. In particular, we design a CSMA-based scheduling scheme and attempt to achieve the optimal downlink aggregate utility based on analytical models of link throughput computation and thus can fully exploit the performance enhancement brought by the full-duplex AP.
On the other hand, during recent years, some MAC designs have been proposed with the protocol backwardcompatibility into account [10] - [14] . Aijaz and Kulkarni [10] presented a simple and practical approach to integrate Simultaneous Transmit and Receive (STR) mode with the minimal protocol modifications. Marlali and Gurbuz [11] developed a synchronized contention window FD (S-CW FD) MAC protocol for enabling full-duplex communication in WLANs and evaluated its performance under a realistic self-interference model. Aijaz and Kulkarni [12] employed a simple approach to enable STR mode in 802.11 networks while explicitly accounting for the peculiarities of bidirectional FD (BFD) and unidirectional FD (UFD) links along with the coexistence of the full-duplex and half-duplex users. Kim et al. [13] developed a novel MAC protocol for APs supporting STR in WLANs, named MASTaR (MAC protocol for Access points in Simultaneous Transmit and Receive mode), which is based on a constructed link-map. Goshtasbpour et al. [14] proposed a new packet prioritization scheme in an asymmetric IEEE 802.11-based WLAN. However, the studies mentioned above mainly focused on the design of the protocol itself. We note that to fully leverage the capability of a full-duplex AP in a WLAN, it makes sense to design an efficient scheduling, especially incorporating the legacy wireless CSMA protocol.
C. OPTIMAL CSMA DESIGN WITHOUT FD
In the literature, there also have been much prior work focusing on performance optimization of the traditional WLANs (without FD) by adjusting the link access-intensities [20] - [26] . Liew et al. [20] presented a simple and accurate method for computing throughput distributions among links in CSMA networks. Jiang and Walrand [21] proposed an elegant CSMA-based scheduling algorithm to approach the throughput-optimality. Bellalta et al. [22] analyzed the interactions between a group of neighboring WLANs that use the channel bonding technique and evaluated the impacts of those interactions on the achievable throughputs. In the above existing work, the link access-intensities are adjusted to control the users' access probability to improve the system throughput or utility. However, considering the further potential improvement brought by the full-duplex AP, the optimal scheduling in a full-duplex WLAN has not been carefully investigated yet. Therefore, this paper first designs a CSMA-based utility-optimal scheduling to exploit the performance enhancement brought by the full-duplex AP and then obtains the maximal downlink aggregate utility through link access-intensity control.
Last but not least, in our proposed scheduling, the halfduplex users could adopt the original CSMA protocol to compete for channel access without any modification to its MAC layer, in this sense the proposed scheduling scheme keeps backward compatibility.
III. CSMA-BASED SCHEDULING AND UTILITY OPTIMIZATION FORMULATION
In this section, we first introduce the considered network scenario, present our CSMA-based scheduling design, and then formulate an optimization problem to maximize the downlink aggregate utility. After that, we briefly review the CSMA protocol and the computation method of link throughputs under the Ideal CSMA Network (ICN) model [20] . 
A. NETWORK SCENARIO AND OUR CSMA-BASED SCHEDULING
As shown in Fig. 1 , we consider a WLAN that consists of a full-duplex AP and N half-duplex users, denoted by the index 0 and the index set N = {1, 2, . . . , N }, respectively. We assume that the AP and each user always have data to transmit(i.e., the network is saturated.), and all the devices are within the carrier-sensing range of each other.
We model the channel gain between user i and AP as
where G, α, β i,0 , η i,0 and d i,0 are the path loss constant, path loss exponent, rayleigh fading gain with exponential distribution, shadow fading gain with lognormal distribution, and the distance between user i and AP, respectively. Similarly, g 0,j , g i,j are the channel gain between AP and user j and the channel gain between user i and user j, respectively. Since the AP has full-duplex capability, without loss of generality, we assume user i transmits to the AP in the uplink while the AP transmit to user j in the downlink simultaneously. Let UDI i,j be the uplink-downlink interference from user i to user j. Then we have
where P i,0 is the transmit power of the uplink user i . Then, the SINR at downlink user j is
where P 0,j and σ 2 j are the transmit power of the AP and the noise variance at user j, respectively. Similarly, the SINR of uplink user i is given by
where σ 2 0 is the noise variance at the AP, and λ is the residual self-interference (RSI) channel gain of the AP, which indicates the self-interference cancellation capability. For example, λ = 0 denotes perfect cancellation. 2 Invoking the Shannon formula, the achievable data rates of downlink user j and uplink i are respectively given by
where B is the channel bandwidth.
Although the utility optimization of CSMA networks has been well investigated in previous work [23] - [26] , how to make full use of the AP's full-duplex to enhance system performance and explore the achievable user utility is still lacking. Moreover, to keep backward compatibility with legacy half-duplex users, it is desirable to make the scheduling CSMA-based.
Observing this, we design a scheduling composed of the following parts:
1) Each user still adopts the standard CSMA protocol(such as 802.11 DCF) to compete for accessing the AP;
2) When working in the full-duplex mode, the AP does not join channel competition anymore. Instead, AP awaits for users's access in the uplink. For each uplink access, the AP then selects a downlink user according to current channel states and UDI among users (i.e., the user-pairing);
3) After the user pairing, the uplink user i, the downlink user j and the AP then completes the full-duplex transmission.
B. PROBLEM FORMULATION
We consider the proportional fairness among users, and the utility function of downlink user j, u d j , is defined as
where th d j is the achievable throughput of downlink user j under our CSMA-based scheduling, whose computation will be presented in Part C.
Then, to maximize the overall utility of downlink users and meanwhile satisfy the basic rate requirements of uplink users, our optimization problem can be formulated as
where k i,j = 1 denotes that downlink user j, uplink user i and the AP constitute a full-duplex transmission, and k i,j = 0, otherwise. ρ i is the access intensity of user i, which is determined by protocol parameter settings according to the wireless CSMA protocol. C1 guarantees the required data rate of uplink user i and C2 ensures that the accessintensity of each uplink user cannot exceed its maximum. C3 and C4 indicate that each downlink user j can be matched to exactly one uplink user.
Recall that in our design we let the users compete to access the channel using the CSMA protocol in their uplink transmissions, we thus next give a brief review on the CSMA protocol and its analytical link throughput computation.
C. WIRELESS CSMA PROTOCOL AND LINK THROUGHPUT COMPUTATION
In a WLAN, a user i that has packets to send must first sense the channel to be idle for duration of Distributed Inter-frame Spacing (DIFS). If the channel is busy, the user i needs to generate a random initial value of the backoff counter, which is modeled in this paper to satisfy an arbitrary distribution with mean backoff duration E i [B] [20] . The backoff counter is decremented linearly with time when the channel is sensed idle. When the backoff counter reaches zero, the user i starts transmitting. If the channel is sensed busy before the counter reaches zero, the countdown is frozen until the channel is sensed idle for a DIFS period again, then the countdown continues with the previous counter value when it is last frozen. Let E i [Tr] be the mean packet transmission duration of user i. The access intensity of user i is the ratio of mean packet transmission time to its mean backoff time. That is,
Throughput analysis on CSMA networks has been well conducted in the literature [28] , [29] . This paper adopts the Continuous Time Markov Chain model to compute the normalized throughputs [20] . Next, we would give the derivation of the normalized link throughput and interested readers are referred to [20] for more details.
Considering a WLAN composed of multiple APs, and link i is composed of AP i and its associated users. We use a contention graph G = (V , E) to describe the contention relationship among links, where the vertices in V represent the links, and e ∈ E denotes that the transmitters of the two links are within the carrier sensing range of each other.
Let s i denote the state of link i, s i = 1 represents the link is in active state, and s i = 0 represents inactive state (i.e., backoff or frozen state). Hence, the state of the network can be expressed as
where N is the number of links in the network.
Based on the ICN model, the feasible state of the network is the set of the independent set (an independent set is a subset of vertices such that no edge joins any two of them) of the contention graph G. Let S be the set of all feasible states. The stationary distribution of the state s = [s 1 , s 2 , s 3 , · · · , s N ] in a wireless CSMA network can be computed as
where ρ i is the access intensity of link i, and z is a normalized parameter to make sure s p s = 1.
The normalized throughput of link i is then
In our scenario, we consider a single-cell WLAN in which all the users are within the carrier-sensing range of each other, then the associated contention graph is a clique. It is easy to examine that the normalized throughput of an uplink user i can be computed as
Then, the achievable throughput of uplink user i is
Assuming user i and user j form a full-duplex transmission pair, the achievable throughput of downlink user j is
where ρ i /(1 + l∈N ρ l ) and r d j are the normalization probability and the data rate of downlink transmission obtained by user j, respectively. In our analysis, we assume that the fullduplex transmission ends at the same time with the uplink transmission. That is, in (13)(14), we assume that the downlink and uplink users have the same normalized throughput. 3 With the throughput computation presented above, we then move forward to investigate the optimization problem and make efforts to obtain the optimal solution to maximize the downlink aggregate utility.
IV. USER PAIRING AND ACCESS-INTENSITY ADJUSTMENT ALGORITHM
Since P1 involves a continuous variable ρ i and a binary variable k i,j , this MINLP problem is in general hard to solve. Therefore, we separate the complex problem P1 into two subproblems to reduce computational complexity. First, for the user pairing subproblem, we implement a SINR-based user pairing scheme. In particular, for each uplink user, the AP can adopt the Hungarian algorithm [30] to select a downlink user to pair with for completing the full-duplex transmission. Then, for access-intensity adjustment subproblem, which is still nonconvex, we convert it into Geometric Programming (GP) form and use the standard CVX [31] to solve it.
A. USER PAIRING
Even though the AP has perfect full-duplex communication capability, the downlink user is still interfered by the simultaneous uplink transmission. Therefore, it is important to schedule the uplink-downlink transmissions to mitigate interference. In particular, for each uplink user i, we need to find the downlink user j with the highest d i,j . We note that when the interference between the uplink and downlink users is too strong so that no simultaneous uplink and downlink transmissions are possible, or full-duplex technology could not bring performance gain any more, we let AP work only in the traditional half-duplex mode. Except for such situations, we can formulate the user selection problem as:
From (15), we can see that our user pairing problem is exactly a one-to-one matching. Therefore, we could construct the SINR matrix and adopt the Hungarian algorithm to find the optimal matching between uplink users and downlink users. The SINR matrix is expressed as
where the elements in the diagonal are all zero. However, to adopt the Hungarian algorithm, we need to deal with the matrix. Denote the maximum element of by max . Then, we construct a matrix
The user pairing problem is translated to a problem of picking N elements from matrix in a way that each row and each column have at most one element. By this way, we can obtain the maximum weighted bipartite matching from the uplink users to the downlink users. Also, we note that the Hungarian algorithm is known to be able to yield the optimal matching with a complexity of O n 3 [32] , where n is the number of users in the network.
It can be observed that: 1) In the full-duplex mode the AP does not join channel competition for airtime usage any more. Instead, it always selects the user with good channel quality and low UDI to finish its full-duplex transmission. Thus, the benefits of AP's full-duplex capability has been fully explored. 2) In our design, once the uplink airtime share is determined, the downlink user transmission opportunities are correspondingly determined. Recall that the airtime VOLUME 6, 2018 share is regulated by the CSMA protocol and the normalized link throughputs are determined by the link access-intensity, to achieve the optimal utility of the downlink users, it is desirable to control the access-intensities of the uplink users, which will be dealt with in Part B.
B. ACCESS-INTENSITY ADJUSTMENT
After determining the user pairing, the integer assignment variable k i,j has been given. The access-intensity adjustment subproblem can then be formulated as
For the optimization problem P3, we next justify its convexity. 
Invoking (14), we have
Lemma 1: The aggregate utility function f (ρ) is non-concave for 0 < ρ ≤ ρ max .
Proof: For 0 < ρ ≤ ρ max , the aggregate utility function f (ρ) is two-order differentiable. Then, the Hessian Matrix of f (ρ) could be given by
where
and so on. So, H's two order principal minor is
From (26), we find that H 2 is not always equal or greater than 0 for 0 < ρ ≤ ρ max (e.g., ρ 1 = 10, ρ 2 = 2, H 2 < 0). So, H is neither a positive definite matrix nor a semipositive definite matrix. According to the necessary and sufficient conditions of the concave function, the aggregate utility function f (ρ) is non-concave. Therefore, P3 is still non-convex. In the following, we could transform P3 into the GP form and solve it by CVX. We first express the rate constraints C1 in the GP form as
Similarly, we could transform the objective function into the GP form. First, we can rewrite the objective function as 
Now P4 is a standard GP form and could be solved efficiently by CVX. The detailed process is given in Algorithm 1.
Algorithm 1 Access-Intensity Adjustment Algorithm
Input: The number of half-duplex users N , the date rate requirements of the uplink users th req i . Output: The optimal access-intensity ρ * , the maximal downlink aggregate utility. 1: for j = 1 : N do 2: for i = 1 : N do 3: if i = j then 4: Using (5) 8: Use the CVX to solve the problem P4. 9: Output the optimal access-intensity ρ * = ρ * 1 , ρ * 2 , ..., ρ * N , and the maximal downlink aggregate utility.
C. INFORMATION COLLECTION AT THE AP
In our scheduling, for user-pairing and the access-intensity control the AP requires the information of not only the channel gain between the AP and user j, g 0,j , but also the channel gain between user i and user j, g i,j . In the practical implementation, the AP keeps a local record of all the channel gains (both g 0,j and g i,j ) and updated periodically. 4 We assume the uplink and downlink channels in the system are symmetric. When user j transmits a packet to AP, the AP can get the signal strength of the ongoing transmission and estimate g 0,j . Meanwhile, since the wireless channel is broadcast in nature and each user in a WLAN works in the same frequency, when user j transmits a packet to AP, user i could also measure the signal strength from user j by overhearing the transmission and obtain g i,j . In its next transmission to the AP, user i then sends its measured g i,j to the AP. By this way, the AP can collect the channel gains among users, and this requires no necessary change to the IEEE 802.11 standard.
V. PERFORMANCE EVALUATION
To evaluate the performance of our designed scheme, we implement our scheduling algorithm using MATLAB programs. Moreover, we also realize simulations based on the ICN-simulator [20] and then gather the achieved throughputs of each user. In simulations, we set the required data rate of each user in the uplink to be 10 kbps, since the amount of uploaded data by the user is usually much lower than the amount of downloaded data [19] . The related parameters used in the simulations are given in Table 1 . 
A. AN EXAMPLE NETWORK
To examine the relationship between the optimal user pairing and access-intensity settings, we first look at a specific network as shown in Fig .2 . Table 2 lists the corresponding 4 The update frequency depends on how quickly the wireless channels change. If the channel state varies slowly, the channel gain could be updated over a longer period (i.e., half an hour). Otherwise, the channel state should be collected over a short period (i.e., a few minutes). That is, the update period is adaptive to the speed the channel state varies. optimal user pairing, the optimal access-intensity setting and the maximal downlink aggregate utility. For the full-duplex pairing, the one-to-one pairing results through the Hungarian algorithm are (1,4), (2, 5) ,(3,1),(4,3),(5,2). As can be seen, in general the users physically-located far away from each other form uplink-downlink pairs to mitigate UDI.
Given the pairing results, we next examine the optimal access-intensity settings. As in (14) , the utility of the downlink user j is the product of two components: the equilibrium probability it can transmit (i.e., ρ i /(1 + l∈N ρ l )) and the achievable data rate in its transmission (i.e., r d j ). Recall that r d j increases with d i,j , it is not difficult to see that to maintain fairness among users, we should assign a large ρ i to the uplink user i if d i,j is low. In our example, among all the userpairings, user 1 and user 4 are the closest to each other and have the lowest d i,j . As listed in Table 2 , user 1 then has the highest access-intensity (i.e., ρ * 1 = 10). Similarly, since user 3 is far away from user 4 and the downlink user 4 is less interfered by the uplink transmission, and user 3 is also close to the AP, thus we have a high d 4,3 and could assign a lower access-intensity to user 4 (i.e., ρ * 4 = 3.68).
B. RANDOMLY-GENERATED NETWORKS
We then examine the performance of our scheme in more random networks. In simulations, the half-duplex users are randomly distributed over the 100 m × 100 m area centered around the full-duplex AP. Each point of the simulation is averaged over 1000 runs. We compare both the utility and the throughput performance of the following four schemes:
(1) SINR-Based Pairing and Optimal Access-Intensity (SBP+OAI): The user-pairing is determined by our SINRbased pairing and the access-intensity of users is set according to Algorithm 1.
(2) A-Duplex: In [6] , users adopt the CSMA protocol to contend for uplink access and the AP uses the deficit round robin to select a user that satisfies the capture condition for the downlink transmission.
(3) Random: The users adopt the CSMA protocol to contend for uplink channel access and we let the AP randomly select a downlink user to complete full-duplex transmission.
(4) Half-Duplex: Both the AP and the users work in the half-duplex mode and contend for channel access using the CSMA protocol. Fig. 3 plots the downlink aggregate utility and throughput when the number of users N varies from 5 to 30. As can be seen, the downlink aggregate utility and throughput increase monotonously with N , and our scheme is superior to the other schemes. In our scheme, the AP selects the downlink user for each uplink user as a full-duplex pairing by their d i,j , which can exactly characterize the interference between users and such an optimal user pairing can reduce the UDI. Moreover, the proposed access-intensity adjustment algorithm is obtained through a rigorous mathematical analysis on the CSMA protocol. In A-Duplex, the AP uses the deficit round robin to select a user that satisfies the capture condition for downlink transmission. Since the selected user may not have the highest SINR, the performance of A-Duplex is then lower than ours. It is also important to note that without careful scheduling design, the full-duplex communications could in fact deteriorate system performance. For example, when N > 25, the utility of the Random scheme is even lower than that of the Half-duplex scheme. 4 shows the downlink mean utility and throughput with respect to different number of users. It can be seen that the downlink mean utility and throughput decrease as the number of users increases, since the probability of the access channel decreases as N increases. In full-duplex transmissions, it is known that the selfinterfering cancellation has important impacts on system performance. We then give the downlink aggregate utility and throughput with respect to different self-interfering channel gains λ. In Fig. 5 , we vary λ from −115 dB to −90 dB. 5 As can be seen, the downlink aggregate utility and throughput decrease monotonously when λ changes from −115 dB to −90 dB, since the benefits of the AP's full-duplex communications are canceled by the severe self-interference. 6 presents the downlink aggregate utility and throughput of the four schemes when the cell radius R varies from 50 m to 100 m. Both the downlink aggregate utility and throughput increase with R when the cell radius is less than 90m. This is because that the distance between users become longer as R increases, leading to a reduced UDI. However, when R > 90 m, the channel gain will be reduced, resulting in a decrease in utility and throughput. Since there is no UDI in Half-Duplex, as the distance increases, the downlink aggregate utility and throughput of the Half-duplex scheme decreases. Last but not least, Fig. 7 shows the downlink aggregate utility and throughput when the AP and users have higher transmit powers. As can be seen, our scheme is still better 5 When λ > −90 dB, we find that the self-interfering cancellation capability of AP cannot guarantee the basic data rate requirement of the uplink users. than the others. In addition, the downlink aggregate utility and throughput of the Random scheme decrease when N > 25. This is because when the AP and users have higher transmit powers, the interference caused by the random pairing becomes more severe especially when N is large.
We can see that under all simulation scenarios, our scheme is better than the others, and could effectively improve the downlink aggregate utility while ensuring the date rate requirements of the uplink user. Moverover, it could fully explore the benefits brought by the full-duplex AP.
VI. CONCLUSION
This paper designed a CSMA-based utility-optimal scheduling scheme to fully explore the performance improvement brought by the full-duplex AP in a single-cell WLAN. In particular, we designed a CSMA-based scheduling and investigated an optimization problem of maximizing the downlink aggregate utility subject to the uplink users' data rate constraints. To make the problem tractable, we divided it into user pairing and access-intensity adjustment subproblems. First, we devised a user pairing criterion based on the SINR to reduce the UDI. Based on geometric programming, we then adjusted the access-intensity of users to maximize the downlink aggregate utility. Finally, simulation results evaluated the performance of the proposed scheme and demonstrated the downlink aggregate utility enhancement compared to other existing full-duplex scheduling schemes in WLANs.
In this paper, we focused on improving the performance of half-duplex users in the WLAN with single full-duplex AP. Future work will investigate the performance optimization and the resource allocation problem when the WLAN consists of multiple APs and the users are not within the carrier-sensing range of each other, which is more desirable and rather challenging. 
